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FOREWORD

This document was prepared by the Avco Corporation, Lowell, Mass., as

a final report describing research carried out for the Air Force under
Contract F33615-70-C-1570. Tne project was initiated under Project T7360:
Chemical, Physical, and Thermodynamic Properties of Aircraft, Missile,
and Spacecraft Materials; Task 763006: Impact Damage and Weapons Effects
on Aerospace Materials. The work was acminstered under the direction of
Mr. Gorden H. Griffith of the Air Fcr-e Materials Laboratory, Air Force
Systems Command, Wright-Patterson 4ir Force Base, Ohio.

This report describes research conducted from June 1970 to January 1972
and was submitted by the authors in April 1972.

The authors are grateful to Mr. O. L. Bowie and Mr. C. E. Freese both
of the U, S. Army Materials and Mechanics Research Center, Watertown,
Massachusetts for computing the stress intensity factors associated
with cracks emansting from noles in the orthotropic materials studied.

This technical report has been reviewed and is approved.

BEN A, LOVING, Major JSAF

Chief, Explorstory Studies Branch
Materisls ®hysics Division
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ABSTRACT

The tolerance to ballistic impact of graphite/epoxy and boron’epoxy
composites has beén investigated. The effects of pre-load, of ply
layups, 2rd of projectile velocity have been determined for 30 caliber
armor piercing vrojectiles striking the plate at a o° obliquity. A
limited number of tests were performed on glass/epoxy laminates and
on type 6061-T6 aluminum panels. Several tests were conducted using

50 caliber armor piercing projectiles.

High speed photography was used to determine the overall ballistic
response, as an additional check on projectlle velocity, and to determine
when crack initiaticn occurred.

The fracture toughness of each type of laminate was determined and botn
the residual strength (the nominal stress to which a panel vhich did not
fail during perforation can be loaded) and the threshold strength (the
lowest preimpact stress which results in failure upon impact) are shown
to correlate directly with the toughness.
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SYMBOLS AND NOMENCLATURE

crack length, or plate length

generalized modal displacement

the derivative with respect to time of Ay
armor piercing

plate width

boron epoxy

dynamic load factor

isotropic modulus

modulus of an orthotropic material
modulus at hso to the principal axis of orthotropy
feet per second

stress distribution function

total Jorce

horizontal force

radial distance

glass epoxy

graphite epoxy

shear modulus

plate thickness

high velocity, low velocity

stress intensity factor

notch toughness

stress intensity at initiation of failure
1099 pounds

1000 pounds per square inch

density of plate having & thickness equal to h
lO6 cycles per second
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NDT

PSI

ta

UTs
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¢ hoop

CONTINUED :

non-destructive tests

pounds per square inch -

normal force, load, or internal pressure
. . 1

:

polar coordinates

radius of a hoie

an orthotropic constant'
time ‘ i
duration of impulse

ultimate tensile strength '

shear force

longitudiﬁal sonic veldcity
Poisson's ratio

boundary modification term
unit conversion constant

mass density

Poisson's ratio

107°

radians per second

nominal extensional stress
stress in the vicinity of a crack
in-plane stress in a flexurally loaded plate

oo .ensile stress
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summation sign

total kinetic energy
total strain energy
total external work

partial and total differentiation signs
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ST

coordinate system indicators, they take values of 1 or 2
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1,0 INTRODUCTION

Toe systems approach to aircraft design using redundant structures o

. minimize the probebility of overall failure is only zs reliable as the

estimates of the potential for failure of each structural element.
Fibrous composites have only receztly been incorporaied into structural
elements for flight vehicles and it is importart to characterize these
materials as accurately as possible., One area in wiich much work still
remeins is that of the effects of baliistic impact and penetration on
the load carrying capability of & structural composite.

Some preliminary data obtained severul years ago on boronfepoxy laminates
showed the following:

1. On a (0+:5) sym. leminate (Reference 1) Arilled noles, varying
in diameter from 0.057 in. to 1.0G00 in., caused 2 30% reduction
in the net section failure stress. Identical reductions were
fournd as a result of holes formed by a .30-06 ball shot at a
velocity of 2579 fps.

2. Ou a (03/90) sym. laminate (Reference 1) drilled holes, varying
in a diameter from 0.125 in. to 0.750 in., caused a2 35% reduction
in the net section failure stress,

3. On a (02/#45/90) sym. leminate (Reference 2) drilled holes,
varying in diameter from 0.257 in. to 0.504 in., caused a 145%
rednction in the net section strength.

From this 3ata it appeared that the strength reduction depended primarily
upon the layup and, for at least the one laminate studied ballistically,
that the strength reduction was the same regardless of whether the hole
wvas formed by conventional drilling or by ballistic perforation.

Although these preliminary studies did not iniicate any detrimental ballis-
tic effect over and above that caused by a drilled hole, it is possible,

under certain conditions, to obtain dynamic strength reductions. One such
condition would be if the composite panels were preloaded during impact

and subsequently perforated vy a hard, strong projectile traveling at ordnance
velocities.,

It the panel is carrying load prior to impact, i.e. a prestress, severai
cumulative effects occur. First, the impulse deliverea to the plate results
in a flexural response which generates additional in-plane strosses. Second,
perforation by a cone shaped projectile, striking the plate at normal
incidence, will result in an in-plane compression wave and a transverse

shear wave radiating from the hole at the sonic velocity. The in-plane
compression arises from the wedging action of the projectile and csuses

& hoop tension stress at the periphery of the hole (Reference 5). Thirdly,
the sudden introduction of a hole in a preloaded panel could result in

a dynamic amplificetion greater than that associated with the static

stress field near a hole in a loaded plate (Reference 6). These combina-
tion of effects may be significant and hence the strength reductions,
especially of preloaded panels, might be more severe than those reported in the
preliminary tests. These cumulative effects on a preloaded panei could
manifest themselves in either of two ways; either by causing failure of

1




tne panel during impact at preload levels much lowsr than that reported
fb? The earlier tests, or by ceusing rore darcage during impaect such‘tha§ t
retained strength of the parel under subsequent lozding would be reduced
over that for the static drilled holes or from ballistically introduced
holes or unstressed panels,

2y
®

Advanced composites are seeing inereased use on military aircrafi.

These materials do not possess the capzbility for yielding =2s do the
conventional structursl metels and therefore holes, even those used for
Joining, result in a decrease in the net section failure stress. EBecause
of the rostulated dynamic effects it was assumed even greater strength
reductions could resulit from ballistic perforation of preloaded panels;
hence this study was undertaken. Its goals were to determine, from
ballistic perforation tests on advanced structural composites, the tensile
threshold strength (i.e., tnat presiress level which will result in irmediate
failure upon penetration of the projectile) and the residuzl strengtn

(i.e., that final stress level o which a2 meterial can be loaded after

it has been perforated by a bullet). The ratio of the threshold to residual
strength is indicative of the effects of panel prestress on the ballistic
performance of those materials.

This program is but one of several aimed at defining the tolerance of
advanced composites to bailistic damage. It considers the effect of
projectile velocity and preload level on the Lehavior of thin boro./epoxy

and graphite/époxy panels having three different ply layups. Complimentary
studies are being conducted at Grummen, McDonnell Douvglas, and Horthrop
(References 7, 8, and 9) where the effects of the angle of impact (obliquity),
of compression loadings, and of full depth honeycomb cores faced with metals
as well as composites are being evaluated.
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The effects of pamel presiress, ¢f projectile velocivy, fiber, azd ply
orientation op ti* behevior of bellistically perforaied boron/epory
and graphiteferoxy cooposites was determined and compared to identical
tests performed on 6051-T6 alumimm and on glassfepoxy composites.

A total of 36 grephite/epoxy and 28 boron/epoxy panels, 22 in, long by
8 in, wide, were penufactured containing reinforcement in either the
0/+45%, the 0/3%5/90°, or the 0/:500 directions. Severzl of these
panels were rachined into standard coupon test specirens gnd vused for
materiel characterization studies wnich includes the determinziion of
the tensile strengths at various orizntations, the four ortnotropic
elastic constants, and the fraciire toughress.

¥ost of the remaining panels were preloaded in uniaxial tersion to

stress levels ranging fron 30 to 70% of their ultimate strengtn (UTS)

and then perforated by 2 30 caliser armor piercing (AP) projeciile.
Projectile velocities of either 2750 feet per second (fps), muzzle
velocity or & lower veloeity of 1200 fps, in 2n attenpt to approach

the maximm energy transfer condition, were employed for these series

of tests. In addition & limited number of preloaded panels were impacted
by 50 caliter AP projectiles at velocities of 3,000 fps. A1l tests were
performed using stable projectiles ‘non—tumbliﬁg) fired at 00 obliquity
to the panel,

In a1l cases the projectiles perforated the panels leaving a relatively
clean hole with slightly more damage observed on the exit side of the
panel. For the 30 caliber AP itest series tne "residual strength" of the
panels that did not fail during impact was found to be indepesndent of
both initiel preload and projectile velocity. However the resulis indicated
that the "residuzl strength” of the penels weo a funciion of the type of
filamentary reinforcement and ply orientaticn. The 0/45/90° boron/epoxy
leminate had the highest absolute residual suvrength (75 ksi) whizh is
187% of thatobtained with the aluminum alloy. The residual strength

as a percentage of the ultimate tensile strength varied from 52 to 65%
for the boron/epoxy (depending upon the layup) and from 61 to 3% for
the graphite/epoxy (depending upon the layup).

In terms of absolute values the boron/epoxy leminates have the highest
"residual strengths" ranging from 4l to 75 ksi depending upon fiber orienta-
tion. These strengths compare favorably with data obtained on 6061-T6
aluminum panels which showed no detectable loss in strength after ballis-
tic impact resulting in a "residual strength" ol approximately 40 psi.

On a specific strength basis both composite materials appear to be about
equivalent but exhibit even greater advantages over the 6061 aluminum.
For the preloaded ganels that failed during impact it was observed that
the "threshold cirergth" (i.e. the prestress level which resulted in
catastrophic failurec of the panel upon impact) was independent of
projectile velocity out dependent upon the filamentarv reintorcement

and ply orientatio.. In general the "threshold strength" was approxi-
mately 90% of the "residual strength."




Froo the limited mover of tests performed with 50 czliber projectiles
it appeared thet the residusl strength for 50 ~aliber projectile impact
is slightly lower thzn for the 30 caliber projectiles.

Crack propagation velocities obtained from “he high speed photogrepts
teken during the tesis showed thet the crack velocities were higher
in the graphite epoxy lerinates than in the boron epoxy composites.
These photos also showed that crack inftiation did rot begin until the
projectile bhad reached its full dismeter. This deta was used to form
a consistent approach for the amalytical prediction of the threshold
strength.

In all cases linear fracture xechenics, using the nwitch toughness fourd ixn
the characterization studies, could te us2d to accu. $ely predict the
residual strength. The tireshold strengih was alsu _.ueerly deyerdent on
the noich toughness and by using 2 1odifiei crack length, it too, could
be predicted.,

] O




The parpose of this progrenm was to experizenteldly evaluate the ballistic
response of two advanced cozposites a2nd fo determine the criteris for

S §:IEN Iy

tredicting failure pased upon copsistent rathermatical rodels.

Tne approgch was broken down into iwo phases, one expsrirental and one
analytical and is cosh e2sily descrived by tos chert in Figipe i, Tne
experirentzl phase included static and bellis.ic tests on several mageriais.,
Preliminary tests were conducited using 6051-T6 alwmimz a2lloy and using 2
0/k5 layup of & glassfevoxy composite, in specific S90L glass/5205 resin.
The prirmary evaluation was conducted on three different layups of fiter
reinforced composites; narely, 0/k5, 0/45/90, and /50 layups of Tnornel
50-5/5206 graphite/epoxy and RIGIDITE 5505/% boron/epoxy composite.

The quasi static testing consisted of: (1) siraight sided coupon tests at
various angles to the laminate axis and, (2) single edge noich toughness
tests. Tnis data provided not only zn assessmest of the meterial uniformity
but aliowed the computation of the elastic consiants, the tensile sirengihs
and the fracture toughrness of each composite.

The bulk of the bellistic testing was performed with large (6 in. % 6 in.
gage section) specimens preloaded in uniaxial tension and shot at their mid
point. MNost of the experiments were performed using tne 0/L5 layup but the
0/55/90 and 0/60 layuss were also used in order to assess the importance

of »ly orientation, relative moduii, and relative strengths on the bebavior
during ballistic penetration. Most of the tests were performed using

30 caliber AP projectile; sever il panels however, were perforated with

50 caliver AP projectiles.

Since projectile velocity has been found to have an effect on the ballistic
vehavior of verious materials (Reference 18) the 30 cali:er tests were
performed using full and approximately one-half muzzle velocity. The
actuel nrojectile velocities used were 2750 and 1200 feel, per second (fps).
Toe lower velocities (1200 fps) were cbtained by using a8 reduced powder
charge. The 50 caliber projectiles wevre all shot at approximately 3000 fps,
A1l rounds were individuelly hand loaded using the correct charge as
determined from & series of chronographic tests performed at the Avco
ballistic test facility. Chronographic tests were also periodically per-
fo;med during the program to ensure that the projectile velocities were
within + 10% of the desired velocity. Projectile velocities monitored
d.ring each iest confirmed the accuracy of the loads and velocities all
teat rounds fell well within the previously set limits.

The analytical investigations consisted of a plate dynamic anclysis and

a fractire mechanics study. The dynamic analysis investigated the magnitude
of the dynamic bending stresses due to the impulsive losding during penetra-
tion. The second and more fruitful study relied upor relating “he residual
and threshold strengths to the fracture toughness of the laminates.
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3.2 Exgperirentel Tnvestigaztion
3.2.1 Magerials

The paterials vs2d in this program ars deseribed in Table 1. The
composites gll rave the saze basic resin system and relstive thickmess,
nence the mzjor variations are in Types of fider end ply orientation.

Table 2 shows the usesge ¢f each panel ip this prograno.
3.2.2 OGussi Static Materiel Chzracterizetlon
3.2.2.1 THon-Destruc:ive Testing

Prior to mechenical -esting, 22 graphite’enoxy. & boron epoxy, 2nd

2 glass’epoxy panels 211 heving the 0/L5 iayup were sutjected o a
variety of non-destructive tests. The paneis were € in. x 20 in. as
shown in Figure 2 and were examined only ip the &€ in. x & in. gage
section. The tests include: radiogrephy, ulirasonic velocity and
ultrasonic "C" scan flaw detection. The radiographic and ultrasonic

"C" scun tests were used for observing flaw content and material variabi-
1lity. The date has been reporied using a greded system ‘key in Table 3
explains the grading) which shows the relztive assessment from panel to
panel. The ultrasonic velocity readings were taken at the center point
of the € in. x & in. area. The panels wvere then weighed, dimensioned, and
a bulk density cal~:lated. Ultrasonic velocity and gravimetric density
were used to calc'late ultrasonic elastic modulus in the thickness
directiun.,

Radiographic results show the material density to be fairly uniform for
most of the punels tested. Of the graphite epoxy panels examined specimens
1117-614 1ind 61B had the lovest average density. These panels also had
the largest local density wvuriations. As can be seen in the radicgraph of
1117-61A (Figure 3a) there are low density regions in the 0°, +45°, and
-kso direcvions. These correspond to lack of graphite fiber which in turn
is attrivuted to poor tow spacing. For comparison the radiograph of a
uniform quality panel (Specimen 1117-82A) is given in Figure 3b.

All of the C scan t2sts were conducted at a frequency of 1.0 megahertz (MHz)
using a standard through transmission immersed technigue, High, intermediate
ard low sensitivity data was obtained., ..ight areas indicate regions of poor
sound transmission. The dark rectangle narked on the recordings is the

8 in. x 8 in. area of interewt., Marking on the low sensitivity C scan is
interpreted as being severe porosity or delamination., Marking on the inter-
mediate sensitivity C scen is interpreted as heavy porosity, very bad sur-
face condition or delamination, Marking oa the high eensitivity C scan

is interpreted as either light porosity or a bad surface condition., No
marking at all on che high sensitivity C scan is indicative of flaw free
material, C scan recordings from panels 1117-61A and 1117-82A are given in
Figures ba and kb, Panel 1117-82A is flaw free whereas 1117-61A has a sig-
nificant amount of variability. These same conclusions were reached by
examining the X-ray data (Figures 3a and 3b); the nature of the variability
is different however. A qualivative assessment of the other panels examined
is given in Table 3.




TABLE 1

MATERTALS

I, Preliminary Studies
A, Aluminum Alloys
Type 0061-T6
Thickness 0.06k4 inches

Orientation ~ Longitudinal axis coincided with rolling
direction

B. Glass/Epoxy
Type S901 Glass/5206 Epoxy

Layups 1. (0, +45, =45, +45, -45, 0 ) sym
2. iO, +45, -45’ G) sym

II. Primary Studies
A. Graphite/Epoxy
Type Thornel 50 S/5206%*
Layups 1. (0, +45, -45, 0) sym
2. (0, 0, +45, =45, 90) sym
3. (0, 0, +60, -60, +60, ~60, +60, -60, 0, O)
B. Boron/Epoxy
Type RIGIDITE 5505/4%%
Layups 1. (0, 45, -45, *45, -45, 0) sym

2' (0, O, +45, "4—5, O, 90) S}"m
3. (o, +60, -60, +60, -60, 0) cym

12 Ply
8 Ply

8 Ply
10 Ply
10 Ply

12 Ply
12 Ply
12 Ply

#Union Carbide's Graphite Filament.
## Avco Corporation's Boron Epoxy Prepreg.
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Figure 2 PANELS USED FOR BALLISTIC L AMAGE STUDIES CROSS HATCHED REGION IS
THE GAGE SECTION AND HENCE IS THE “AREA OF INTEREST".
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RADIOGRAPH OF CENTRAL REGION OF PANEL 1117 61A (GRAPHITE/EPOXY)
15

THE DENSITY VARIATIONS IN THE 02 AND + 45° DIRECTIONS INDICATE

LACK OF FIBER

Figure 3a
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Figure 3b RADIOGRAPH OF CENTRAL REGION IN PANEL 1117.82A (GRAPHITE
NOTE THE UNIFORMITY AS COMPARED TO FIGUR
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Figure 4a C-SCAN OF SPECIMEN 1117-61A (GRAPHITE/EPOXY)

THE LIGHT REGIONS INDICATE MATERIAL IMPERFECTIONS.
(REDUCED PHOTO)
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Figure 4b C.SCAN OF SPECIMEN 1117-82A (GRAPHITE/EPOXY)

NOTE THE MATERIAL UNIFORMITY. (REDUCED PHOTO!
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All velocity neasurements were conducted at a freguency of 1.0 MH,;. The
ultrasosic velocity, Vi, vas measared through tue thickness of tie panel at
the centér of the 8 in. x 8 in. area. Ultrasonic velocity is related to
the elastic sonic modulus for a nondispersive media through the equation:

E= B P(V)? (1)
# = Constant to sdjust units
¥, = Longitudinel wave welocity (in/sec x 10-6)

P = Density (¢/cmd)

E = Youne's modulus (106 pei)

Solving equation (1) for E leads to the DT determined ultrasonic modulus
vhich is presented in Table 3.

3.2.2.2 Coupon Tests

Coupon tests were performed on the composites only; the aluminum alloy is
sufficiently well characterized. The tests were conducted at room temperature
on 1 in. vide straight sided specimens. The purpose of these tests were:

(1) to establish the elastic constants which were required for the fracture
tcughness apalysis, (2) to establish the material uniformity and correlations
vith NDT data, and (3) to establish a lower bound on the tensile strength.
The data is summarized in Table k.

The four orthotropic elastic constants were established from tersile tests
performed on specimens cut in the 0°, 9o°, and 4S° directions. The shear
modulus was obtained from Tsai's relation (Reference 10):

b + X . 22

1 1 (2)
By50 En G12 En E22

vhere:

E,, 1s the 0° modulus

Eps is the 90° modulus

V12 is the major Poisson's ratio

612 is the shear modulus in the 0° or 90° direction

EhS is the h'jo modulus
It is recognized that the shear modulus determined in thir way can be in
error because of boundary and coupling effects, however the computed values

agree closely to predictions cbtained using standard lamination theory and
hence, are felt to be correct.
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The accmracy of tae NDT data was ewaluated by performing mechanical
tests on two graphite panels, 1117-61A and 1117-828, which, as indicated
earlier, represent high and low guality material. The mechanical tests
(susmea 1zed in Appendix A) confirmed this; and in view of tkis corres-
pondence, data from several abnormal test panels were eliminated.

The tensile strength deserves some discussion. Table b shovs the tensile
sﬁm&obmmdatmmmlesmﬂn%m.mewggmspedmns.

It also lists a true ultimate tensile strength (UTS) direction for
each of the composites. The tensile strength of cross plied laminates increases
as the specimen width increases until a limit is reached which i¢ represen-
tative of the true strength of the material. With 3 in. wide, 2 in. gage
length tensile specimens the full strength of laminates such as those used

in this program is 1ot generally developed. Consequently, the control
stuengthsusedfora]lemparisonsinthemuereadjustedtoreﬂect

the true ultimate tensile strength of each material.

Using tone Structural Design Guide for advanced composite cations
(Beference 22) the following data was obtained: The boron/epoxy laminates
have an average strength of 85 KSI, 114 KSI, and 68 KSI for the 0/k5,

the 0/45/90, and the 0/60 layupe respectively. Unidirectional Thornel 50-S/
epoxy has a strength of 134 KSI, hence the meas xred value of 71 KSI for

the 0/4S graphite/ laminate was felt to be realistic, based upon

the percentage of ys. in spite of the narrow width of the specimen.

The 0/45/90 graphite/epoxy laminate should bave 80% of the strength of

the 0/45 laminate since the 90° plys are essentially ineffective in
improving the longitudinal strength. This gives a predicted strength of

5T KSI. Similarly, the 0/60 layup receives very little benefit in the
longitudinal strength from the 60 ys; therefore its strength is
proportional to the perceuntage of plys times the unidirectional strength
vhich is 40% of 134 KSI or 53.6 KSI. The S glass/evoxy laminates have an
average unidirectional tensile strength of 300 KSI. The 12 ply and 8 ply
lsminates have respectively, 33% and 50% of the plys in the 0° direction

and hence have a true UIS of 100 KSI and 150 KSI, respectively. These values
are summarized in Table 4 and are considered the true ultimate tensile strength
of the laminates, Lastly, it should be pointed out that when the graph:lte/
epoxy specimens failed, significant delamination was observed which is indi-
cative of low shear strength., A typical failure is shown in Figure 5; for
comparison the glass and boron composites are also shown,

3.2.2.3 PFracture Toughness Tests

In addition to the various elastic constants and strengths in several
directions the fracture toughness of the composites was determined. The
fracture toughness is defined as the upper limit of the stress intensity
factor K. It can be shown (Reference 11)that at the tip of a crack the
elastic stress field can be written as:

013y = ___K_ F13 (s, 0)
(2ur)‘5‘ 3 1%
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Figur.5 TENSILE SPECIMENS OF BORON, GRAPHITE AND GLASS EPOXY CGMPOSITES
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. v Vo

f

LEFT HAND SIDE OF EACH GROUP IS THE LONGITUDINAL TENSILE SPECIMEN
(0°); RIGHT HAND SIDE IS THE TRANSVERSE TENSION SPECIMEN (909).
MASSIVE DELAMINATION OCCURRED WITH THE GRAPHITE/EPOXY
INDICATIVE OF LOW INTERLAMINAR SHEAR STRENGTH. FIBROUS
DELAMINATION OCCURRED WITH THE 0° GLASS SPECIMENS WHICH 1S
TYPICAL OF THIS COMPOSITE.
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where:

K is the stress intensity factor

e ; r, © are polar coordinates

s is a parameter reflecting material properties

F is stress distribution function

0 is the local stress in the ij coordinates system

, Fracture mechanics is based upon the premise that when K reaches its

' critical value the local stress field at the tip of the crack (or similarly

f the strein energy density) is sufficient to cause failure (crack extension).
K can be written as:

K=Y0n(a)% (L)

where:
Y is a boundary modification term

0 n is the nominal stress

a is the crack length

At the present, the variation of the parameter Y is not known for the
material constants, specimen geometry, and boundary conditions used.
Olster,(Reference 12)using a plane stress finite element technique in

P conjuncticn with the so called compliance calibration method, generated
éﬁ the function Y for isotropic and orthotropic specimens having boundary
ff conditions and geometries similar to those used here. From Olster's

b ’ data it can be seen that Y is expected to be nearly constant and equal

b to 1.75 for all ratios of crack length to specimen width considered here.
When on %+ reached to the value where crack extension occurs K is equal
to Lic, the Sracture toughness of the material.

Fracture toughness tests were performed on only the compositée materials,
R All specimens were loaded aleng their O° axis by imposing uniform boundary
A displacements on single edge notch specimens (Figure 6). A typical test
sequence is shown in Figure 7. Crack length was monitored using an optical
measuring device manufactured by Physitech. From these tests a value for
Kc was determined using equation 4 with a value of Y = 1.75. Detailed
results are presented in Appendix B and the results are summari.ed in
Table 5.

With the boron/epoxy specimens the fracture occurred unifcrmly over the
entire thi.kness and progressed laterally across the specimen in a series
of discrete steps. This behavior is indicative of a valid test. Figure &a
shows a typical fractured specimen. Excellent cocrrelation was obtained
between the predicted (using fracture mechanics) and experimentally measured
values of residusl strength for the ballistically impacted boron ‘epoxy
panels, These correlations and supportive reasoning will be presented in s
later section.
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Figure 7 BORON EPOXY FRACTURE TOUGHNESS SPECIMEN, (A) PHOTO SHOWING TEST
SPECIMEN PRIOR TO APPLICATION OF LOAD, B} CRACK GROWTH BEGINNING,
{C} FULLY DEVELOPED ZONE, (D) SPECIMEN AFTER CRACK RAP!DLY TRAVERSED
THE SPECIMEN
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‘TABLE 5
FRACTURE TOUGHNESS

K Kc
(At Onset of Fracture) (Fracture Toughness)

Material KSI ___ in KSI__in
Boron/Epoxy
B/E 0/45 15.2 21,1
B/E 0/45/90 25.8 32.6
B/E 0/60 14.8 18.2
Graphite Epoxy
Gr/E 0/45 21.6 27.5%
Gr/E 0/45/90 13.5 20, 8%
Gr/E OM0 ° 17.k 26.3%
Glass/Epoxy
G/E 0/45 39 59.2¥
(12 Ply)

*¥Values were computed but are not considered the true notech toughness.
(See text for reasoning)
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BORON SPECIMENS

0/+ 60°

0/+ 45/90°

0/+ 45°

Figure 83 TYPICAL FRACTURE OF BORON EPOXY COMPOQSITES
SHOWING THE RELATIVELY FLAT FRACTURE SURFACE

nih

Figure8b FRACTURE TOUGHNESé SPECIMENS OF GLASS/EPOXY

NOTE THE FIBROUS DELAMINATION SIMILAR TQ THE BEHAVIOR
OF THE LONGITUDINAL TENSION SPECIMENS (Figure 5)




¥o mespingful fracture toughness data could be obtained from the
glass/epoxy composites. These specimens exhibited longitudinal cracking
at the root of the notch as shown in Figure 8b. The specirens then
failed as a tension specimen having a reduced cross section. The
apparent toughness is greater than for any other composite tested which
was also implied by data in the literature, (Reference 13).

All of the graphite/epoxy fracture toughness specimens failed by interply
separation. This delamination was initiated at the crack tip and resultis

in the behavior shown in Figure 9. The cause is fel{ to be low interlaminar
shear strength which was not actually measured by implied by the behavior
of the tensile specimens (See Figure 5). Consequently, the data is suspect.
However, as will be shown, some correlation exists between the initial value
¢f K and the residual strength of bellistically impacted panels. The data

is presented in Appendix B and is summarized in Table 5.

3.2.2 Ballistie Characterization
3.2.3.1 Introduction

The objective of this phase of the program was to experimentally establish
the "threshold strength" (the lowest prestress level at which the specimen
will fail catastrophically when impacted by a bullet) and the residuel
strength (the strength after ballistic impact) of the advanced structural
composites; specifically boron/epoxy and graphite/epoxy laminates.

In order to accomplish this the € in. wide and 22 in. long specimens were
fitted with sluminum tabs (bonded using equal parts of Shell's Epon €12,
Epon 828, General Electric's Versamid 115 and General Electric's Versamid
125) and preloaded in tension using a 50,000 pound capacity testing machine.
The test setup is shown in Figure 10. The instrumentation used to monitor
the test varied; in some cases strain gages were used to check the uni-
formity of load introduction and to determine modulus, other times strain
gages were used in conjunction with a rapid sweep oscilloscope in an effort
to study the plate dynamics, for other specimens high speed photography

was used to capture the event in order to determine when cracking initiated
and at whet velocity the crack propagated.

The majority of the ballistic tests were performed using 30 caliber

AP projectiles shot at either 2750 or 1250 fps. A limited number of tests
vere performed using 50 caliber AP projectiles traveling at 3000 fps. In
all cases the projeciile flight was stable and normal to the plane of the
panels,

The preliminary tests were conducted on inexpensive materials, namely a
6061-T6 aluminum alloy and a 0/45 laminate made of glass reinforced epoxy,
and served to check out the experimental techniques. The bulk of the testing,
however, was performed on the high performance graphite and boron rein-
forced epoxy composites.
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RIGHT (FOREGROUND) IS THE RIFLE.

30




6051-T5 Alwmimm Alioy

. total of © straight sided specimens 0.05% in. thick by € in. wide ard
oriented so That the roiling Girection coincided with the loa@ zxis

(See Pigure 11) were tested. Two of the specicens hzd predrilled holes

in the center of the gage section. These cpecircens were lozded monotomicaily
to0 failure; ihe other fovr specizens were prelozded amd shot with 2 0
caliver AP projectile.

o~

The first speciren (&L 1) had 2 0.16% in. diz—eter drilled hole and had
seven strain gzges a2t locations indiceted ir Figure 12. &s can be scen,
the

the gages on the sides (mo—bers 1, 2, 3, and k) experience nearly identical
strains. Closer to the hole, gages 6 apd 7 irdicate identical strzins waich
are slightly larger than the reading obtained at either side. &£lthough

ihe strains across the speciren are acceptably uniform as illustraied by
gages 1, 2, 3, and Lk, the slight eccentricity implied by this datz was
eliminaied from all subsequent panels by the use of a modified fixture

for aligning the tabs during the bording operation. Tsble 6 irndicates that
specimen AL 1 failed at 20 kips or 39 ¥SI. Specimen &L 2 which had a slightly
larze- hole failed at 42 KSI. This material has a yield strength of LC XST
and an wltimate of 45 KSI and the hole therefore has little effect as is
expected.

Specimens AL 3 through AL 6 were preloaded and ballistically impacied.
Bach of these specimens was instrumented with at least two strain gages
which were electronicelly tied to a Tektromic oscilloscorpe having a
multiple channel plug-in. The scope was adjusted to read 300 g in. strain
per centimeter and set at a 2 micro second per centimeter sweep. The data
wae to have been used to provide some insight into the flexural and exten-
siongl behavior of the plate during the impact. Unfortunastely none of the
four experiments was successful; the electron beam intensity was not
sufficient to get photographs and the trigger circuit did not operate
properly. Specimens AL 6 and AL 4 were preloaded to 57% and 7% respectively
of their yield strength vrior to impact and as can be seen in Table 6
they did not fail upon impesct; each could subsequently be loaded to the
yield strength. Specimens AL 3 and AL 5 were loaded to the yield strength
prior to impact. These specimens t0o sustained the impact and could cerry
a slight additional load prior to failure. High speed photography captured
the event, but since it was not dramatic it kas not been reproduced.
Petaling was observed on the exit side but the damage wss not severe and,
as substantiated by the static tests after impact, the material was still
capable of being loaded to its yield strength.

A typical final failure is shown in Figure 13. If the true residual
strength of this materisl is desired, it would be necessary to determine
it after cyclic loading. The endurance limit of 6061-T6 is only 1k KSI
and after 100 cycles at 1k KSI if this material were to sustain a "hit"
it is not likely that it would have any significant residual strength.
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THE RESIDUAL STRENGTH OF THIS MATERIAL IS
EQUAL TO ITS YIELD STRENGTH.
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Glass/Epoxy

Two types of laminates were mamufactured from unidirectional S glass/Epoxy
prepreg. These were 8 ply (0, +k5, -5, 0) sym. and 12 ply (O, +45, -L5, +L5,
-k5, 0) sym. penels having a thickness of 0.045 and 0.059 in. respectively.

Tue eight ply specimens were the first to be tested. 07 these the first
three were straight sided and had predrilled holes. Specimen 111.7-63B had

a 0.300 in. diemeter hole. The strain gage data is given ir Figure 14 and

as can be seen gages 1, 2, and 3 give nearly identical reudings indicating
uniform load introduction. Gage 4 is within one hole radius of the pre-
drilled hole and therefore, as expected experiences increased@ strains. This
specimen could not be loaded beyond 21,000 pound- because of tab failure.
Specimen 1117.-62A was identical and exhitited similar behavioer up to 17,500
pounds at which point tab failure occurred. Specimen 1117-62B had a 0.10L in.
diameter hole; deformation was as anticipated up te 9900 pounds where tab
failure occurred. Panel 1117-63A was a preloaded to 16,000 pounds (46.5 KSI)
and shot with a 30 caliber AP projectile (muzzle velocity). The specimen

did not fail vpon impact; however, as with the aluminum panels no scope trace
was left on the film. Monotonic loading to determine the residusl strength
was aborted by tab failure of 20,000 pounds (58 KSI). In the four cases
described, the tests were prematurely ended due to tab failure. In order

tc lessen the total tab load and hence the shear stress in the tab adhesive
a contoured specimen (See Figure 15) was used. This specimen, 1117-ok

failed first by shearing at the contour radii and then by tab failure

at 15,800 pounds.

It was obvious that the load introduction scheme provided unifoim strain
throughout the gage section however it wss ijmpossible to load the specimens
to their ultimate strength due to the c.mbinetion of tab design and adhesive
strength. The 12 ply panels were all contoured and several tab variations
were investigated which are shown ir Figure 16. (A more complete description
is given in Appendix C). None of these substantially increased the total load
which could be introduced into the specimen (23,000 pounds). More severe
cross section reductions merely increased the propensity for longitudinal
splitting as shown in Figure 17. It was therefore decided to perform the
pallistic tests under preload, using the standard tab configuration with
clamps (Figure 15), observe the ballistic damage, and continue to load

until tab failure occurred. Of the seven remaining 12 ply glass/epoxy
laminates prepared, four were used for 30 caliber, and three for the

50 caliber firings. The data is summarized in Table 7 where it can be

seen that two of these specimens failed during the preloading, due to

tab failure.

The panels which were ballistically tested were loaded to between 28 to 58%
of their ultimate (limited by tab failure). None of these panels failed by
parting in two during impact. Damage typical of a 30 caliber (and similar
for 50 caliber) AP projectile is given in Figure 18. There is gross delamina-
tion on the exit side but this delamination is independent of preload level
and increases only slightly with the larger projectile. Again, due to load
introduciion problems, the residual strength could not be determined;

however loads up to 72% of ultimate did not cause failure.
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a. ENTRANCE SIDE

b. EXIT SIDE

Figure 17 ACCENTUATED CONTOUR SPECIMEN
SHEAR FAILURE (WHITE REGICN) OCCURRED ALONG A LINE TANGENT

TO THE CONTOUR AT THE MID SECTIOM. FINAL FAILURE OCCURRED AT
THE TAB (LEFT SIDE OF TOf PHOTO).
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Figure 18a, TYPICAL DAMAGE OBSERVED WITH GLASS/EPOXY PANELS

LIGHT REGIONS INDICATE DELEMINATION

a) DAMAGE AT ENTRANCE
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Figure 18b. TYPICAL DAMAGE OBSERVED WITH GLASS/EPOXY PANELS

LIGHT REGIONS INDICATE DELAMINATION.

b) DAMAGE AT EXIT SIDE




FPor tke type of tests perforped, this glass epory composite appeers to heve
2 high residusl strength. However, gless epoxy has 2 low endurance limit and
hence cyclic loedipg would be required to esteblish 2 realistic residuel
strength level. Hed the testing inecluded cozpressior, feilure due to

3 locel buckling cculd have occurred at a2 low 1p0zd level because of the

ko rassive delsmination.

3.2.3.3 Behavior of fLdvanced Composites

Graphite/Epoxy

FPour of the 36 graphite/epoxy panels manufactured were used for coupon
tests; the remainder were used for ballistic studies. The pamels, their
stacking sequence, thickness and material wroperties are desceribed in
Tables 1 through 5. This section describes first, the physical response
of the panels and second, the data in terms of threshold and residual
strengihs.

LG Iy

Upon final failure, irrespective of whether the panels failed upon impact
or sustained the penetration and was subsequently loaded to failure,liow to
moderate delamination was observed as shown in Figures 19 and 20. This is
indicative of the _ow interlaminar shear strength which was observ:d and
= discussed earlier. Several panels failed in the gage cection prematurely
B during the preloading and exhibited the same magnitude of delamination

; suggesting that this phenomena was not introduced by the impact of the

o bullet.

FREnA IO

180

Below the threshold level a rather clean hole was formed by the projectile.
A typical example, where both the entrance and exit side of panel 1117-76B,
is shown in Figure 21. This panel was prestressed to 63% of its UTS and
shot with a high velocity AP projectile. The damage was limited to a small
region around the periphery of the hole and several small longitudinal

g cracks in the surface plys. This is in great contrast to the massive
delamination which occurs with the glass’epoxy composites. The damage
shown in Figure 21 is typical regardless of the projectile velocity.

As a result of studying the high speed photographs it was found that when the
panel failed upon impact the actual crack did not start to grow until the
projectile reached its full dismeter. This is perhaps due to the fact that the
stress levels were not significantly higher than the threshold level. A

. typical example is shown in Figure 22 where panel 1117-75B can be seen

5 being perforated by a low velocity (1250 fps) 30 caliber AP projectile. This
X behavior, however,was independent of projectile velocity. If the prestress
were significantly higher than the threshold limit perhaps the crack would
begin to grow prior to full tip penetration. From consecutive frames of

the high speed photographs the crack velocity for this O + 45° graphite

panel was determined to be approximately 8500 fps. This is 55% of the
acoustic wave velocity in the transverse (90°) direction as calculated

from Renter's analysis (Reference 2&);using the elastic properties given

in Table 4 and the average density given in Table 3, Reuter's solution
predicts the acoustic wave velocity to be 15,000 fps for this panel.
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Figure 21 Continued EFFECTS OF PROJECTILE ON GRAPHITE/EPOXY

{b) EXIT SIDE

L R R s




‘Sdz 0068 AN3LVINIXOHddV SI ALIDOT3IA HOVHO "'SONQI3S g-0L X0E2
SI SAIWVHI NIIMLIE IWIL ANV Sdd UGCL SYM ALIDOT3A 3711.LO3r0Yd
864 £111L NIWIO3dS 40 38NV LOVIWI 40 SHAYHDOLOHd G33dS HOIH 22 a4nbiy

o
Ex.

2NN

w,mmu o

M

%
s




One 0/60 and one 0/k5/90 panel was used for the 50 caliber tests. These
panels were loaded to approximately 20 KSI and neither failed upon impact.
Typical response is shown in Figure 23. The final failure of this specimen

is shown in Figure 2k and although the delemination appears to be severe it is
within the general range observed with this material. The residual strengths
were not substantially lower than those found after perforation by the

20 caliber bullets.

R

iy o .ﬂ‘,;

The lighting for the photograph shown in Figure 23 permits the slight
delaminatioc of the surface ply on the exit side to be seen. The debris
(Figure 23) is also clearly viseble. It appears to develop into the form
of a cone which moves rather slowly with respect to the projcctile; it also
grows in diameter, apparently with a diminishing average density.

The complete test results are presented in Table & and are summarized (for
the 30 caliber data) in Table 9. No threshold strengths were obtained for
the 0/45/9C and 0/80 iayups due to the fact that a very limited mumber of
panels of this type were fabricated of which several were lost during the
preload stage at unusually low stresses. As can be computed from data in
Table Q the residual strengths vary from 61% to 73% of the true UTS depending
A upon the layup. The threshold strengths were slightly lower and range from a
=3 value of no less than 51% to 65%. On an absolute basis the residual strength
d and threshold strength of only the 0/45 laminate was better than the 6061-T6
aluninum alloy but on a specific basis (aluminum has a specific strength of
b x 100 in.) all layups of graphite tested were superior to the aluminum.

Boron/Epoxy

Three of the 28 boron/epoxy panels were used for coupon testing; the remaining
25 were ballistically tests. The specific panels, their stacking sequence

and material properties, are listed in Tables 1 through 5. In general, the
behavior of the panels was similar to the graphite, however, the absolute
values of the strengths were higher and the delamination was less pronounced.

The boron/emxy panels, regardless of layup and regardless of whether final
failure occurred during impact or as a result of additional loading of panels
which had been shot, exhibited a relatively straight crack path with essentially
no delamination as compared to the graphite composites. A slight amount of
damage occurred at the :xit surface as is shown in Figure 25. This damage is
limited to the outer 0° ply. This overall behavior is identical regardless

of projectile size, velocity, and preload.

At the "threshold strength" the panels failed upon impact. As can be seen in
Figure 26 the crack began to grow then the projectile reached its full diemeter.
The behavior is similar when a 50 caliber AP projectile was used as can be

seen in Figure 27.

Crack propagation velocities were determined from photographs of panels

1117-944 (& 0/45 laminate), 1109-69 and 1108-T1 (0’45 ‘90 laminates) and

1109-74A (e 0/60 laminate). The measured velocities were, in the order given above,
7200, 5600, 5800, and 4700 fps. Hence, the crack velocity in all cases was

less than that observed in the graphite epoxy laminate. Reuter's analysis
(Reference 24) shows the acoustic wave velocities in the 90° direction (the
direction corresponding to crack extension) to be 14,000 fps, 20,000 fps and
23,600 fps for the O/LS, the 0/45/90 and the 0/60 laminates respectively.
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Figure 24 FINAL FAILURE OF SPECIMEN 1108-78 A 0/60 GRAPHITE/FPOXY P~NEL
IMPACTED WITH A 50 CALIBER PROJECTILE

a) ENTRANCE b) EXIT SIDE
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Figure 25 CLOSEUP SHOWING THE SLIGHT DAMAGE THAT OCCURS ON THE

EXIT SIDE OF BORON/EPOXY SPECIMENS
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Figure 27a, RESPONSE OF BORON/EPOXY COMPOSITE TO BALLISTIC IMPACT
(PANEL 1109-70 — 0/45/90 LAYUP )
a) HIGH SPEED PHOTO OF PENETRATION
PROJECTILE 50 CALIBER, 2980 PG
TIME BETWEFN FRAMES 207 X 10° 5 SECONDS
CRACK VELOCITY 5600 FPS
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Figure 27b, RESPONSE OF BORON/EPOXY COMPOSITE TO BALLISTIC IMPACT
(PANEL 1109-70 — 0/45/90 LAYUP)

b) FINAL FRACTURE APPEARANCE
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The complete ballistic date including preload siress, projectile velocity,

modulus and residuel strength is given in Teble 10. A& summary of this data

for the 30 caliber shots is given ir Table 11 where it czn be seen that the
"residual strengths" were approximately 45, 75, and k1 XSI for the 0/45,

2 0/45/90, and 0/60 panels respectively. Similarly the "threshold strengths®

i based upon the lowest preload stress at which impact failure was observed,

3 were approximately 41, 66, and 36 KSI respectively for the 0/L45, 0/L5/90, and 0,60
laminates.

As indicated by the data in Table 11 the "residual strength” varied from 52%

to 65% of the UTS depending upon the layups; the threshold strength varied

in the same manner and is approximately 92% of the residual strength. £11 three
types of boron/epoxy laminates tested and higher absolute residual strerngths
than the 6061-T6 alumimm alloy. In fact the 0/45/90 panel had nearly twice

the residual strength of the aluminum. On a specific strength basis the
boron/epoxy was significantly better than aluminum and bout equivalent

to graphite/epoxy composites.

3.3 Analytical Investigation

It was desirable to develop the understanding and hence mothematical technigues
which would permit accurate gquantitative predictions of both the residual
strength and the threshold strength of ballistically impacted cowvosite
materials. The determination of the "residual strength" is a static problem
whereas the "threshold strength" is determined by the time dependent material
response and the nature of the panel-projectile interaction. Because of these
fundamental differences each problem was handled separately.

3.3.1 Residual Strength

The solution to the "residual strength" problem must reflect the behavior of
the material and hence the starting point is a brief review of behavior of
the panels. The aluminum behaved in a ductile manner and the residual
strength of this alloy was nearly equal to its ultimate strength. Physically
tl.e glass/epoxy was found to delaminate severely but was tough enough so that
it was impossible to measure its residual strength; premature failure occurred
at the tabs in all cases. As pointed out earlier in the report, both the
aluminum alloy and the glass/epoxy appear to be highly tolerant of ballistic
damage; this deduction may, in fact, be misleading since the tests consisted
only of monotomic loading and it is known that both of these materials are
affected to a considerable degree by cyclic loadings. The boron and graphite
fiber reinforced composites are of primary interest. These structural ccmpo-
sites exhibited very localized damage when perforated by a 30 caliber AP
projectile. The "residual strengths" ars summarized in Table 12 and vary con-
siderably depending upon the layup. This invesiigation was aimed at finding

& consistent way of describing the retained properties of these materials.

If the holes were perfectly smooth and the materiel homogeneous, it would

have been logical to approach this as e classical stress concentration problem

in an orthotropic plate such as has been treated by in detail by Savin (Reference 3).
However due to the heterogeneous nature of the material and the technique for
introducing the hole, 1t more reasonable to assume that a good model is

that of a hole with lateral cracks emanating from it as shown in Figure 28.

In fact work by Waddoups (Reference 14) suggests that this type of model is
appropriate even for carefully drilled holec in similsr f.lament reinforced

epoxy composites.
poxy p 60
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Figure 28 SCHEMATIC SHOWING A CRACK EMANATING FROM A HO! E
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The stress field and hence stress intensity factor for cracks radiating
frem elliptical holes having an arbitrary orientation with respect to the
principal planes in an orthotropic body have been determined by Bowie and
Freese (Reference 15). The problem considered here is a specialized case
where the hole is circular, the cracks are symmetric and located along a
principal axis of the material, and loading is perpendicular to the crack
and along the second principal axis of orthotropy.

The stress intensity factor, K, can be written as:
K=Y0n (a)3 (%)
where: Y is a boundary modification factor
On is the nominal stress
a 1is the crack length defined in Figure 29

The factor Y is greatly influenced by the local stress field (Reference 4,15).
Hence when "a" is short with respect to R, the radius of the hole, Y is large
since it is affected by the stress concentration around the hole. When

"a" is comparable to R then the effects of the hole are insignificant and
hence, Y is equal to the same value obtained for a plate with a crack length
equal to "a + R". Bowie and Freese (Reference 15) have computed the values

of Y for the various composites studied in this program. These are given

in Figure 29. Note that although the specific material properties affect the
value of Y for small crack lengths the effect becomes negligible when the
crack is greater than 0.040 in. which is about + of the radius of the hole.

Our efforts in measuring the crack lenglh of the ballistically impacted panels
consisted of observations of the disturbed region. Based upon measurements
which were necessarily crude it was concluded that the apparent crack length
extended 0.04 in. beyond the hole. This is similar to apparent crack lengths
observed by (1) Waddoups (Reference 14) who found crack lengths from 0.027 in.
to 0.050 in. in a graphite/epoxy composite and (2) to observations made by
Suarez (Reference 21) who concluded that in boron/epoxy composites the inherent
crack length is 0.040 inches.

1 1
Hence, K = Y 9n (a)2 = 2.24 Y n (0.04)2 (5)
At fracture, the stress intensity, K, equals the fracture toughness, Kc,
therefore, rewriting equation (5):
On = Kg = Ke (6)

Y (a)z 45

The values of Kc was determined from single edge nctch fracture toughness
tests and hence could be used to obtain a predicted value of the residual

% strength (i.e., U n), The predicted values for the boron/epoxy panels are
i given in Table 13 and are compared %o the experimentally measured valucs.
% As can be seen the correlation is excellent. It should be recalled that;

(1) this material was extremely uniform as indicated by the coupon and
fracture toughness tests, (2) that very little delamination occurred upon
breaking, and (3) that the fracture toughness tests behaved as expected and
hence the values were felt to be valid. All of these factors contributed

to the ac~uracy of the prediction.
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TABLE 1

COMPIRISON OF THE FREDICTED AND MEASURED RESIDUAL STRENGTH

Residual

Frzcture Predicted

Toughness Ke

Ke §r = ¥(2)2 | Heasured

¥aterial | (XST ¥in) (KsT)
B/B 0/45/90 32.6 72.6 Tk.9
B8/B 0/60 18,2 k5.5 k1.2
BfZ 0f45 N3 15.8 Lk 8




3. Loy gty

iR L

ey

F'p}wrrwm

< AT

Becuase of the 1nter1am1nar unbonding observed at the crack tip with the
graphite/ epoxy specimens it wes felt that the toughness data was not valid.

The value of K vhen unbonding initiated was termed XK' ard since the same inter-
laminar failure was observed in the large panel tests there wes. the possibility
of using K' in equation 6 as a measure of toughness. The data is given in '
Table 14 and although the predicted and measured values do not agree as well
as was found with the boron/epoxy laminates , the correlatlons are quite
reasonable, 1

3.3.2 Threshold Strength

The analytical determination of the, "threshold strensth" is complex and
depends upon the interaction of several effects. These are the ‘static effects
caused by a hole in & stretched plate, the dynamic effects resulting "rom the
sudden introduction of the role, the flexural effects due to the impulse
imparted during penetration, and the stress waves caused by the wedging action
of the pointed projectile.

The Gynamic effects were to have been studied experimentzlly using strain
gages tied into an oscilloscope as well asr with high speed photography.
With the strain gages it was intended to study both the flexural and exten-
sionel response during pemetration tuit, as described earlier, these experi-
rents were ursuccessful. Using high speed photography it was found that the
projectile velocity was not meesurably decreased as a result of perforzting
the panels and that the plate deformation was negligible. Secondly it was
possible to observe that for preloads equal to or slightly greater thsn the
threshold strength the crack did not begin to grow until the vrojectile
vesched its full diameter. These observztions, in conjunction with the fzc
that the threshold strength was epproximately 90% of the residusl strength
suggested tha: the total dynemic effect wss smell.

The fiexural response cer e oObteined ip the f£ollowing w=y. Comsider z
simplified model, perely, a sizply supported square, isotrcpic plste lozded
by 2 triengular pulse over the regiop cross hetched in Figure 32. The provie=
cen te formuleted using 2 =odal enelysis. The equations of =—oilon cen be
ooiziped with the use of the Lzgrangien releticns. Cncs “he eguziions of
motion are kpown the displacerents end fence siresses, which zre related

to the recond derivetive of the displecement coordinztes, czn e computec.
The eguaticns zre given in Lppendiz D xhere it is shown thet ithe displscexent
can bte written as:

b4

w2x = &0 st F

(X4




TABLE 14
COMPARISON OF THE PREDICTED AND MEASURED RESIDUAL STRENG

Residual Strength
; K’ Predicted
! t onset \ Kc

of failure) |rn = T(a)? | Measure

Material (KSI ¢ in) (KST) (KST)

' G/E 0/45/90 13.5 30.0 36.0

G/E 0/60 17.k 33.6 32.9

G/B 0/45 21.6 43.0 51.9




PRENHAL AR

AR T IS | R IR

TY RN Qg esraiat

3

TES S NPIAML RN LB S W N Y

' SIMPLY SUPPORTED PLATE LOADED IN DARKENED REGION

z

¢

- 03" x 0.3"
/

= X
a=6.0" J
Y 1+~
@
(]
2
IMPULSE ——————3 o %
- 4
(APPLIED TO SHADED REGION) S
{
5 10
TIME (MICROSECONDS)

Figure 30 IMPULSIVELY LOABED PLATE

71




b e e

As shown in Figure 31 (Reference 16) the dynamic load factor (DLF) depends
upon the ratio of the duration. of the pulse, td to the natural period

-of vibration, T. The pulse duration is 10 x 10-6 seconds, or the time
required for the projectile traveling at 3000 fps to reach its maximum
diameter.

The period associated with\ghe fundamental frequency is 4 x 10-3 seconds

and hence td/T is 2,5 x 1077, The associated DIF is close .to Zero. indicating
that plate will not réspond in this mode, At higher frequencies the ratio of
td to'T becomes large and thus the DLF will be of the order of one as

shown in:Figure 31, In Appendix D the -calculations for mode T are given,

The in-plane stresses are computed to be 0,1l psi for a peak pressure of

1.0 psi. Assuming the projectile velocity to decrease by 50 fps during
perforation the peak load can be computed to be TO0O pounds, . If this is
uniformly distributed over the area removed by the projectile it corresponds
to-a pressure of approximately 100,000 psi. Hence the in-plane stresses

would be (0.1% psi/psi) (100,000 psi) or 14,000 psi. This stress is developed
at the centerline or the plate (which in aciuality is removed by the projectile),
and. between the node points each of which are located on a grid 6/7 inch on a
side, )

At significantly higher natural frequencies the response again becomes
negligible since the displacement decreases as theé square of the natural
frequency. Therefore a small bard frequencies (modes 5, 7 and 9) control
the response. )

The peak stresses occur in between the node points. From the center of

the plate these regions occur on a grid nhuving sides 6/n inches long

where n is the mode number. For modes 5 through 9 the points of inclection
at which no flexural stresses are developed are located at the nodes, vhe
first of which is at 2 (6/n) inches from the center. The center of the plate
is removed by the projectile. At the periphery of the hole which is formed
the flexural stresses are substantially lower than the pezk stress. At the
tip of the 9.0%0 inch long crack which emanates fror: the hole the flexural
stresses are even less since this distance is close to a node for the modes
which respond tc the impulse.

Orthotropic plates (Beference 17) can be znalyzed in a similar menner
and the effects of in-plane loads can be included. The results, nowever,
are nrot substantially altered.

The flexurel anslysis indicated that at certzin frequencies stresses of
the ornder of 1k KSTI could develop if damping 474 not surpress the response.
Tnege stresses however occurred at only several vositions throughout tke
plate due to the fact that they resulted from the higher order =odes.
Otter effects such as the wedging force api the dynz=ic effects of 2
siddenly formed hoie are perheps even 2ore significant since these effects
tend to e concentrzted in the vicinity of the poie ihore the stresses are
the greztest.

The total penetrabion occurs in the orfer of 10 x 100 secomds. Durizg this
tine the compressionsl weve front travels ziey from the Dole 2t tie scnic
velocity of the maperisd (Befer to eguetion 1). Assu=ing zo averzpe exbensicoeel
=oddins of 32 x 19” el tke weve froot czn trevel 3 An. gurirg ihe 12 x ip®

72




4]

TN

%

v

e AT ORI AONREYARE

W

1.6 :
H i
R i
i -
14 AN -
i _
1.2 / N\ b i
] \\ //.._\\_ ',__.
/ 70 BRI I
1.0 SO SN . o~
3 | : B
(] ]
T 08 ! )
-
a8 A T
06 ! i
| AN
%y
04 ll %4 : ) .
I
02 |
o.{ l |
0o * 10 2.0 3.0 40
/T
Figure 31 VARIATION IN THE MAXIMUM VALUE OF DLF AS A

FUNCTION OF THE RATIO OF PULSE DURATION
TIME, 1y, TO THE NATURAL PERIGD, {. (FROM
BIGGS, REFERENCE 16)




pid

BT

SR S LT
L5 .

P

LT late

el
T

75

seconds of penetration. This is a large distance with respect to the point of
crack initiation which, from Figure 28, is R + a which equals 0.150 in. + 0.0L40
in. or 0.190 in. from the center of impact., Hence the bulk of the dynamic wave has
traveled far beyond the crack tip and only the last portion of the stress

wave is expected to have any effect. This portion is associated with the

finel wedging action (just as the projectile shape changes from an increasing
to a constant diameter). The stress wave would be emanating from a hole
approximately the full projectile diameter and would interact with the

effects of the prestressing load at the crack tip which is 0.040 in. from

the edge of the hole. The time required for the wave to travel this distance
(0.040 in.) is 0.13 x 10-6 seconds. Events of this time duration would appear
as instantaneous events on the high speed pictures since the time between
frames was approximately 2 x 10-6 seconds. This is consistent with the photo-
graphic data since the crack appears to develop within one frame and after

the projectile tip has fully penetrated the panel.

In discussions with Mx. I. E. Figge, Sr. and Mr. J. C. Newman, Jr. (Reference 1&)
they suggest that the problem can be approached as the static superposition

of the effects of: (1) the in-plane loads and, (2) the wedging forces on &
plate with cracks extending from ¢ hole. Tnmis is shown schematically in

Figure 32.

The wedging force can be approximated in the following mammer. As the projec-
tile enters a thin plate it is resisted by a shear V and a normal force P
(See Figure 33). Perforation tests were performed using an Instron testing
machine to drive a 30 caliber AP projectile throvgh the remeining portions
of panel 1109-TlA. The load displacement curve is given in Figure 3k. The
maximm force reached was 180 pounds. After initial perforation the load
dropped to approximately 140 pounds sud remained relatively constant until
the full projeciile diameter was reached. The load then dropped to spproxi-
mately 40 pounds. From tkhis it was deduced that the additional 100 pounds
was resisted by the in-plane forces.

Assume that the tangent to the projectile tip is 10o from the longitudinal
axis 2s shown in Figure 35. The 100 pourd force required to cshove the projec-
tile through the penel is resisted by the normel force Fp. The vertical
ccmponent of Fp tsken eround the perivhery of the bullet must equel 100 pounds.
From gecmetry the horizontal force can be computed znd equels 600 pounds per
in. The thickness of this panel {1109-7ki) is 0.061 in. =nd therefore the
stress is 985, psi. This is the megnitude of the internel pressure zlong

the periphery of the hole. Sokolnikoff's (Reference 23) relation for the

hoop tension in 2n infirnite plate loaded by uniform pressure 2long 2 circular
cutout is:

% hoop =P R (15)
g(
vhere: O hoop is the hoop topsile stress

4

is tke pressure

A 4)

35 the redius of the Z-le

&£ is the distznce Jrox the cenmter of the hole vhere
ooy i3 ¢ be cooputed
74




avO0134d GNV 311LD3r0dd 40 103443 13A0W OL NOILISOdH3dNS ZE danbly

SM3IA LNOYJ M3IA 30IS

) 0

* *

3HNSS3IUd 390A3M = d A

O

e v

TS s opmdba o S et sk
R RO T R AU Y SR )

T o

K o e s N an s e , ik 3 .
e R AT TS PR A VR ST .ﬁ;égguf&;.%ﬂriir..r..ri\).fs.hkﬁmﬁmWﬂ.umwpﬁ ,Ffokff)gfrnf 50t et e lia: ) »

T N 4 TNt T 1ottt ynd SEMLEG A e 8 - . s o {3t L\t aeds
RN S B D gy A gt R f o A i faicr Lt uat s & — v Ediie Wagds AR D e *




[RNBER AR A gk

as e

RGF

ARSI £

R R

TV
e s Gl

e Pt
DERIAF D,

YRR AR R WS

AN

NI vA 2

h

s

e e
i VAL

b

s e o

\

S\

pgp——————— PROJECTILE

.
poo

- f
!
3
P

Figure 33 SCHEMATIC STOWING THE GROSS FORCES DEVELOPED ON THE SURFACE OF
THE PROJECTILE DURING PENETRATION
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For the example here P = 9850 psi, R = 0.15 in. and g = R + a = 0.19 in.
With these values o hoop equals 6300 psi. The actual value is subject to
careful scrutiny because, (1) during ballistic nerforation the force-time
curve might differ from that found usingz an Instron test machine at a
penetration velocity of 3 in. per minute, and (2) the in-plane force was
computed based upon a normasl force acting 10° out of the plane of the
laminate. Nevertheless the data is of the correct order of msgnitude since
as shown in Table 12 the threshold and residual strength for most laminstes
differ by approximately 6 KSI.

The last ballistic effect to be considered is the dynamic overshoot resulting
from the sudden introducticn of a nore. Forrestal {Reference 6) studied the
dynamic stresses in a biaxially loaded isotropic plate. Along an imaginary
circle 1in his analysis,Forrestal suddenly imposed a pressure equal in
magnitude to the applied biaxial tensile stresses. This forced the stresses
normal to the imaginary circle to go to zero thus modeling the conditions
vhich exist 1i a hole were formed. The static superposition of this pressurized
hole and the uniform tension field results in a hoop tension stress at the
periphery of the hole equal to twice the applied tensile stress. Away from the
hole the hoop stresses diminish rapidly while at the seme time the radial
stresses (which are equal to zero at the hole) increase until they reach the
applied stress level. If the pressure on the circle is suddenly applied the
hoop stresses rise over some finite time to a level slightly greater than the
final static level (i.e. 1.). times the static value) and then oscillate sbout
the static stress level., It is important to realize that if the hole were
enlarged the new hole would be that necessary to balance the radial stresses
ard depends upon time and distance from the former hole. The projectile tip
can be considered to be composed of a series of short discrete steps rather
than a continuous curve, each of which forms a slightly larger hole. The
formation of the first hole requires tl.e application of an internal pressure
equal to the full magnitude of the applied stress. For all subsequent holes
the internal pressure is much less since it need only balance the radial
stresses which have develcped prior to punching each subseguent hole and in
this mauner it is possible to ballistically form a hole in a preloaded panel
without any significant dynamic effects.

An alternative approach is evailable. The threshold strengths were found to
vary linearly with the notch toughness and, alihough the method lacks vigor,
it is possible to use a modified crack length of approximately 0.060 in.

in conjunction with equation 5 to obtain the threshold strengtn as will be
diszussed in the foliowing section.




.00 direction the longitudinal modulus, strength, and- toug

4,0- DISCUSSION:

In cross ply laminates- containing substantial amounts: .of reinforcement in the
aghness ar€ approximately
proportional to the percentage of oo plys in the lamlnate. This is- especially:

true if the off-axis plys are oriented at angles greater than, 4o as is the
.éase hére; These relations are-plotted in Figurés 36, 37, and 38 where it can

be seeh. that the modulus :eurveé is nearly identical for both the boron/epoxy

and. the graphite/epoxy laminatés. This occurs because the two materials have
°noroximately the same unidirectional modulus. This results because the graphite
fibers ‘have a-modulus of 50 x 106 psi and have a per .ply volume fraction of

60% wheréas the bororn filaments have a modulus of 60 x 10° psi and have a per
ply volume fraction of 50%. ;

The UTSgand toughness are directly related to the -tensile behavior of the
filaments and since the boron has a significantly greater strength than
the graphite the trends are different for the two materials as -shown in.

'Figures 37 and 38: It should be noted that with composites the toughness and

strength are linearly related whereas with conventional structural metals these
parametéers are inversely related.

‘The "residual strength" is linearly related to both the toughness and the UTS

as shown in Figures 39 and 40. This occurs because of the unique relationship
between strength and toughness coupled with the fact that the crack length and
boundary modification factor were the same for all laminates tested.

The ballisticaily induced crack length was found to be 0.0L40 in. whlch
complete agreement with published data (References 14 and 21). In fact ane
damage zone was found for drilled holes and 'hence it is not surprising that
the same strength reduction was found in Reference 1 for drilled -and ballis-
tically perforated panels.

The initial preload had no effect on the residual strength. This is felt

to be due to the fact that thie dynemic effects of a ballistically formed

hole are negligible and that the flexural effects, in the vicinity .ol the
‘crack tip, are small. The hoop tensile stresses asscciated with the wedging
action of the projectile are felt to be the cause of the approximately

6 KSI decrease in the threshold strength as compared to the residual strength.

The residual. strepngth was found to be independent of projectile velocity as ,
was also found by Suarez (Reference 21). The 0/45/90 boron/epoiy layup had the ?
highest residual strength. Although the magnitude of the residual strength

depends upon the panel layup and on the basic reinforcing materizl as shown

in Figure 140, the retained residual strenzth for neariy all the laminates

tested waes approximaiely 62% of the UTS. The exceptions to this were the

0/45° laminates waere the gravhite/epoxy panels exhitited residual strengths

of approximately 73% of the UP'S, or the highest strength retention, whereas

the boron/épozy laminates resulted in tne lowest velue of strength retention

with a residual strengta of only 52% of its UFS. These differences carried

over to the threshold strengthe as shosm in Figure 42. Comparing the strength

to density ratios as shown in Figure 31 lessens the advenizge of the boronf

epoxy but nevertheless shows it 10 be superior to 211 other lzxminztes tTested.

The »23i0 of Yresidmal strensgtn” to UTS wes significaniiy lower for ihe composites
than for the 6061-T6 2luximm 211oy vhich was tested. A more reelistic com-
pariscn could heve Deen cobteined with a T075-T5 alimimm 21lox which &izs 2
residual strenzth of spproxizetely L0 EST shich is S07 of its UIS. The residuzl

e




B/E /45
B/E 0/45/90

B/E 0/60
GR/E 0/45 |

GR/ 0/45/90
GR/E 0/60

emeoeoOO0

244

>
|
AN

MODULUS E,; (105 PSH)
w
N\

| |
20 40 60

PERCENTAGE OF PLYS IN THE 0° DIRECTION

B Figure 36 RELATION BETWEEN MODULUS AND PERCENTAGE of 09pPLYS

81




O = B/E 0/45

= B/E 0/45/90
= ‘B/E 0/60

= GR/E 0/45

= GR/E 0/45/80

énmeo 00

= GR/E 0/60

"JRUEUTS (KS)) *

] l 1 l l
10 20 30 40 50

- -

. PERCENTAGE OF PLYS IN THE 0° DIRECTION

Figure 37 RELATION BETWEEN THE UTS AND THE PERCENTAGE OF 0° PLYS

82



ey

- .
b

e s o

Svogon oo,

SRR 7o oy o2 e S

AR Wt v

PO

TN G e AW ¢ o

i
.%

TOUGHNESS (KS! IN)

B/E G/45
B/E 0/45/50
B/E 0/€9

= GR/E 0/45
= GR/E 0/45/90
= GR/E 0/60

W06 S00

-
301
254
2019
15
104

54

0 | | L i
10 20 30 40 50

PERCENTAGE OF PLYS IN THE 0° DIRECTION

Figure 38 RELATION BETWEEN NOTCH TOUGHMESS AND THE
PERCENTAGE OF 0° PLYS

83




O = B/E 0/45
O = B/E 0/45/90
O = B/E 0/60
@® = GR/E 0/45
8 = GR/E 0/45/90
® = GR/E 0/60
m -
g
70f
60}
E o
& 5o
S /
« 0]
& 40F <>
< .
3 ¢
@ 3o}
[
208
0] S
i 1 1 1 1 4
Y 5 10 1 20 2"5 30 35 a0

TOUGHNESS (KCOR K’) (KSI IN)

Figure 39 DEPENDENCE OF RESIDUAL STRENGTH ON THE FRACTURE TOUGHNESS OF
ADVANCED COMPOSITES




Woh) W

2 ey o

AT e

——— T g
I PN

T 1Tt

SR

L e

W

RESIDUAL STRENGTH (KSi)

10

= B/E 0/45
= B/E 0/45/90

= B/E 0/60
GR/E 0/45

= GR/E 0/45/90
= GR/E 0/60

L 4
o\
éB O ON0O0

] 1 i L . | 1 i) 1

§
20 40 60 8¢ 100 120 140 160 180
TRUE UTS (KSI)’

Figure 40 RELATiLW BETWEEN RESIDUAL STRENGTH AND UT3




Gt E:‘”J’ o

2

R oo

T

e

eidinaso

ey

‘IW;»«‘SW M

SPECIFIC RESIDUAL STRENGTH (INCHES X 10°)

-
N
-y

10F

B 0O0O0

] A

B/E 0/45

B/E +/45/90
B/E 0/60
GR/E 0/45
GR/E 0/45/90
GR/E 0/60

1 I L 1 L 1 1

2 4

3 8 10 12 14 16 18

TRUE SPECIFIC STRENGTH (INCHES X 10°)

Figure 41 SPECIFIC RESIDUAL STRENGTH VERSUS SPECIFIC UTS

86




strength of either TOTS or the 6061 aluminum is 40 KSI whereas the boron/
epoxy composites exhibited values from 11,2 KSI for the 0/60 layups to k.2
KSI for the C/45/90 layup. The only graphite/epoxy composite having retained
properties grewter than the aluminwr <ras the 0/45 layup which had a residual
strength of 51,9 KSI.

The "threshold strength" was only slightly lower thui the "residusl strength”
implying that the dynamic effects were not severe, This wes felt to be due to
the fact that (1) the flexural effects, in the vicinity of the crack tip

were small, (2) the formation of a hole by a shaped projectile can occur

with negligible in-plane stress amplification and, (3) the stress waves
travel away from the hole at such a great velocity that, at the time of

crack initiation, the bulk of the energy is well beyond the zone where

the crack initiates. As a result the final wedging action of the projectile
was felt to be the primary factor contributing to the dynauic effects,

The threshold strength was found to vary linearly vith the UTS as shown in
Figure 42. Although variations were observed -".. L were dependent on ply
layup and on reinforcing material the data lies 2.,~oximately on a line
representing 55% of the UTS (Figure 42).

The threshold strength was also related to the fracture toughness (See Figure L43).
By knowing the variation in the boundary modii.cation factor, Y, as a function of
crack length, it was possible to write equation 4 in terms of " o n", "K", and
"a". ILetting On equnl the threshold streigth a modified crack length emerged
vhich was equal to 0.06 iu. for all the laminates tested, Hence the threshold
strength can be predicted by either using s curve similar to Figure 42 of 43

or by using a mviified crack length in the fracture equation, The most
satisfying appro.ch is that teken by Figze~ and Newman (Reference 18) in

which fracture i chanics is applied and the wedge force is accounted for,
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5.0 CONCLUSIONS

1.

For both the boron’epoxy and graphite/epoxy composites the "residual
strengths” and "threshold strengths" were approximately 62% and 55%
respectively of the ultimate tensile strength. Some variations from these
averages were observed with different ply layups. The laminate exhibiting
the greatest percent retained properties was the 0/45 graphite/epoxy
composite which had a "residual and threshold strength” of 73% and (5%
respectively of ite ultimate tensile strength. The one having the lcwvest
percent 1etuined properties was the 0/45 boron/epoxy composite which

nad a "residual and thresho.d strength" of 52% and 4&% respectively of
its ultimate tensile strength. The other four laminates tested exhibited
properties waat vere so similar the’ no differentiation could be made
with respect to their tolerance to ballistic damage.

The absolute"residual and thresholu strengths" of the 0/45/90 boron/
epoxy composites were the highest measured in this program., The actual
vaisezs were significantly higher than aluminum and sufficiently higher
than the graphite/epoxy laminates to make this boron/epcry the mcrt
attractive material even when compared on a strengtn to density basis.

The residual sirength iz independent of both the preload and wue
projectile velocity, for the two velocitlies concidered.

The residval strength can be computed from the fracture toughness of
each materisl. This is due to the fact that the damage was localized
and can be modeled as a circular hole with symmetric cracks emanating
from it.

The "threshold scrength” is slightly lower than the "residual strength."
The reducvion was attributed to the additional hoop tension stresses
resulting from the wedging force of the shaped projectile.

The "threshold strength" is linearly dependent on the toughness and can
be predicted by modifying the crack length.

Based upon very limited results it appears that 50 caliber AP projectiles
have only a sliightly more detrimental effect than 30 caliber bullets.

Based on a limited nurber of measurements of crack velocity it was
found that the 0/45 graphite/epoxy laminate e:uibited the greetest
velocity, 8,500 feet per second. The crack in this laminate traveled
at 57% of the sonic veloclity in the transverse direction of that
composite which again was the highest percentage of the wave speed
of any composites tested.
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uTs Modulus | Strain | Poisson's
Materjal Test Specimen | (kST) | (106 psi)| (4) Ratio
Glass/Epoxy Longitudinal | LT1 86.3 5.11 - - 0.86
12 Ply, 0/b5 Tension LT2 97.3 5.37 - -
Panel 1117-1234 LT3 95.6 5.73 3.53
LT4 95.2 5.69 2.89
LTS ok, 7 5.31 3.4k
Ave 93.8 5.4k 3.29 0.86
Transverse TT1 15.8 3.69 2.04
Tension TT2 17.2 3.73 1.87
T3 18.9 3.80 1.71
TTL 20.8 3.91 1.78
TT5 19.2 4.33 1.42
Ave 18.4 3.89 1.76
94




<oy msavg
T sy

Modulus |Strain [Poisson's
sy

Material Test Specimen 105 psi) (%) Ratio

3 Boron/Epoxy Longitudinal| LT1 61.0 | 11.8 0.56 | 0.68
; 12 Pry 0/bLs .| L2 68.6 0.6k

g ll-s
3 Panel 1117-97A LT3 65.8 | 11.2 0.6h4
3 LTk 59.7 | 10.9 0.57
g . . LT5 63.3 | 11.u 0.60
Ave 63.7 | 1l.k 0.60 | 0.68
" Transverse TT1 16.0 4,51 0.39
Tension TT2 17.5 .25 " 0.bs
T3 b 1k.6 4,02 0.39

TT4 16.1 | h.k2 0.41
3 TT5 16.8 | h.bt 0.Lh

e

Ave 16.2 4.30 .42

el




uTsS HMogulus | Strain | Poisson's
Material Test Specimen J(KSI) | (10° psi)] (%) Ratio
Boron/Epoxy |Longitudinal |LT1 49 12 0.64 9.35
12 Ply, 0/60 |]Tension LT2 46 13 5.58 0.38
Panel 1109-76 LT3 52 12 0.67 0.35
LTh L9 12 2.57
LTS 50 12 0.57
LT6 55 11 0.67
LT7 55 1 2.69
LT8 53 1n 9.7¢
LT9 5k 1 2.6¢
70 Sk 12 0.61
Ave 52 11.8 0.64 0.26
Transverse TTL 38 11 0.47 0.32
Tension T2 39 10 9.52 0.3k
T3 38 i1 0.47 0.35
TTL 38 11 2.40
5 46 1 0.56
TT6 42 12 0.47
TT7 41 12 0.k2
T8 46 12 0.56
TT9 49 1n 0.61
Ave b2 11.6 0.45 0.3k
45° Tension | 4STL 37.4] 10.8 0.50 0.31
LsT2 39.5 11.8 0.52 0.29
Ave 38.41 11.3 0.51 0.30




UTs ulus | Strain ! Poisson's
Material Test Specimen [(KSI) }(10° psi) (%) Ratio
Boron/Epoxy Longitudinal | LTL 97 20 0.60 0.k6
i2 Ply, 0/45/90] Tension LT2 99 19 0.62 2.37
Panel 1109-75 | LT3 106 19 9.68 0.40
LTh of 18 0.6k
LTS - - - - -
LT6 11 17 0.70
LT7 195 17 0.66
T8 101 17 0.63
LT9 98 18 0.59
LT 105 17 Slippage
Ave 192 18 2.6k 0.41
Transverse TT1 1 8.1 0.25 0.1k
Tension T2 20 8.1 9.30 0.13
T3 18 8.9 0.24 0.14
TTh 22 8.5 2.35
TT5 19 8.5 0.29
TT6 19 8.7 9.25
TT7 19 9.6 0.27
T8 18 9.1 0.26
TT9 20 .8 0.30
TT0 18 9.4 n.22
Ave 19 3.8 0.27 0.1k
hso Tension | 4ST1 31.5 8.7 - - 0.31
LsT2 27.8 8.7 0.45 0.34
Ave 29.6 8.7 0.h45 0.32
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R 6!’)’}“""3

- urs Modulus | Sirzin | Poisson's
Material Test Specimen | (k5I) |(19° psi (%) Ratio
Graphite/Bpoxy |Longitudinal{ IT1 8.9 1 7.2 J5.38 0.81
8 P1y, O/45 Tension LT2 7.5 | 29.2 2.4
Panel 1117-82A LT3 58.3 19.k 2.31
ITh 77.5 | 18.% 9.2
LTS 8.0 | 17.6 9.k5
Ave 7.2 | 18.5 2.39 2.81
Transverse TTL 19.2 3.5 2.31
Tension T2 .G 0.30
TT> 13.0 L3 9.32
TTi 1.1 L.0 2.29
iy i3.v .1 0.35
Ave 12.0 3.9 2.31

98




o S b

TS !‘.ogulus Strain | Foisson's

Material Test Specimen | (KSI) J(19° psi) (%) Ratio
Sraphite/Epoxy | Longitudinad | IT1 59.2 i5.k 2.3k
8 Plys, o/b5 Tensicn LT2 gk 2 15.% 3.29
Panel 1117-61A LT3 58.3 k.7 .41
TTh 39.hk 15.2 3.28
175 50.3 1L.% 0.33
Ave 48.7 13, 3.3k
Transverse Tl L.5 3.2 0.15
Tension TI2 5.3 2.0 5,29
Tr3 3.2 2.5 .23
T4 5.6 2.4 0.22
5 5.7 2.6 9.21
Ave 5.1 z.6 c.ez

55° Tension | L5T1 - - 9.1 - - .03

LsT2 - - 1L - - 2.07

Ave 12.2 .05

59




s Moduius train | Poisson's
Material Test. Specimen | (KSI) §(208 psi)| (9) Ratio
Graphite/Epoxy | Longitudinall LT1 18 13 0.38 0.24
19 Ply, 0/45/90 { Tension ire L5 13 5.35 0.2¢
Panel 1109-82A LT3 oL* 1k 5.17 0.36
LTk X% 1k 9.17
LTS 28 1k 2.25
Ave L1 1k 2.25 9.30
Transverse TT1 6,066l 5 % 0.10%% 0.20
Tension T2 19 7.5 0.13 n.21
T3 11 7.8 2.15 2.19
TTh 12 9.1 0.13
TT5 12 10.1 9.12
Ave 1 7.0 5.12 0.20
45° Tension | kST 15.9 | 9.z - - - -
19T2 20.9 | 10.8 - - 0.24
Ave 17.9 | 19.0 0.2k
*Tab Failure

*¥Abnormal Data
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UTS Modulus | Strazin} Poisson's

Material Test Specimen | (KSI) ] (10° psi) (%) Ratio

Graphite/Epoxy |Longitudinei{ LTl 3k ik 0.25 .ok
19 Ply, J2:k5/20 |Tension LT: k3 15 9.3

Parel 11)3-37A LT3 38 i5 .29 .32
LT: 45 16 0.9
75 b3 15 0.29

Ave %) 15 9.2) .35

Transverse TT1 25 8.5 9.25 0.16

Tension TS oL 9.7 0.27 9.17

TT? 28 19.9 2.30 2.1%
TTh a7 9.7 0.29
15 25 9 9.31

Ave 26 S.h 0.27 0.17

15° Tension | LSTL 26.21 10.3 - - 5.28

Lgpn 2.3 9.9 - - 0.3
Ave 25.7| 1.1 .22
1 ——
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Specimen Toughiness
Initial
Crack /
Widza | Thick. | Length K K¢
Material Number | (ir.) | (in.) (in.) J(XSI 1in.) |(XSI ¥in.)

Glass/Epoxy 1 2.750 | 7.061 | 0.225 51 61
12 Ply, /b5 2 2.745 1 0,060 | 0.225 31 78
Panel 1117-123A 3 0.750 | 0.960 0.239 38 50
L 2.150}190.062 | 0.225 Lk 58

5 2.75 | 0.081 0.230 54 73

5 2.749 ] 2.069 9.230 4s 48

7 £.750| 0.050 0.230 49 59

8 0.750] 0.062 0.225 22 52

a 0.749 | 0.062 0.225 22 55




Specimen Toughness
Initial
Crack »
Width |Thick. | Length K Ko
Material  |Number | (in.) |(in.) | (in.) kxsIVin.) |(xs1vi%.)
Boron/Epoxy 1 0.749 10.066 | 0.2%0 13 20
12 Ply, O/4s 2 0.750 [0.066 | 0.230 16 22
Panel 1117-97A 3 0.750 {0.066 0.240 16 21
L 0.750 |0.066 0.235 1k 21
5 0.749 }0.066 0.230 11 18
6 0.749 190.9066 0.2k0 15 20
7 0.750 |0.066 0,240 16 19
8 0.750 |0.066 0.2.9 18 2
9 0.751 |0.066 0.2h4¢ 18 25
Boron,/Epoxy 1 0.750 {0.061 | 0.240 16 18
12 Ply 0/60 2 0.753 |0.061 9.240 15 20
Panel 1109-76 3 0.752 {0.061 0.24%0 1L 17
L 0.752 [0.061 0.235 16 18
5 9.753 |0.0A1 0.240 15 19
6 0.753 {0.061 0.230 13 17
Boron/Epoxy 1 0.750 |0.061 0,230 20 31
12 Ply o/us5/90 | 2 0.750 |0.060 | 0.235 25 33
Penel 1109-75 3 0.750 ]0.060 0.235 33 37
N 0.749 |0.061 0.225 25 31
5 0.748 {0.061 0.230 26 31
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Specimen Toughness
Initial
Crack
width | Thick.| Length K Ke e
Material Number | (in.) | (in.) (in.) {(KSIVin.) |(KSI\ in.)
Graphite/Epoxy | 1 0.750 | 0.052 | 0.235 23 26
8 Ply, 0/45 2 0.750 ] 0.053 | 0.230 20 28
Panel 1117-82A 3 0.751 | ©0.953 0.240 21 ol
b 0.751]0.053 | 0.235 21 31
5 0.75L10.053 | 0.230 23 26
6 0.751 ] 0.053 0.230 20 30
Graphite/Epoxy | 1 0.751] 0.07h | 0.225 14 27
10 PLy 0760 2 0.751 | 0.07h | 0.235 18 26
Panel 1109-8241 3 0.751] 0.072 | 0.2%0 20 26
Graphite/Epoxy | 1 0.7511 0.073 | 0.225 12 2k
10 Ply 0/45/90 ] 2 0.7511 0.073 | 0.230 12 19
Panel 1109-87A| 3 0.751] 0.073 | 0.235 17 18
b 0.7511 0.073 | 0.230 13 22
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h

e prculems were encounterea in developing a satisfactory tab design;

: sarticularly for tne glass/epoxy laminates. The very first tests were con-
4 ducted u using the straight sided, unclamped tabs shown in Figure l6a. Thic
3 géesign proved unsatisfactory because of peeling which initiated at the fillet.
: Using 2 finite element analysis the chear and normal stresses developed in
-5

ne adhesive were optained and are presented in Figure 4i where because of
the eccentricity, e, tensile stresses are developed in the vicinity of the
fillet. With the alumln-m the boron/epoxy and the graphite/epoxy the appli-
cation of an external compressive stress imposed by C-clamps eliminated the
tendency for devbond- ig and hence was used. The glass/epoxy laminates because
of their unique combination of low modulus and high strength develop greater
shear stresses in the adhesive than any of tne other materials tested. This
is due to the high loads required to break the specimens in conjunction with
severe discontinuity in the overall stiffness near the fillet due to the tab.

In an effort to eliminate tab failure the tab configurations shown in Figure
i5 were tried.

T,

The tapered tab, the reversed taper tab, and the tab with the fiberglass shim
all tend to reduce the shea. stresses at the fillet by gradually reducing

the tab stiffness in the vicinity of the fillet. None of these however
vermitted sufficient load to be introduced to cause panel failure; in all
cases the failure started at the fillet and propagated across the tab.

. The step type tab was tried since it permitted load to be introduced to small

E groups of plys throughout the laminate. This too failed to achieve any
significant increases in the maximum load that would be applied prior to

tab failure. In a final effort the bolted tab was tried. Here in additiou

to> the clamping actlon, which proved successful in the coupon tests, va: the
poscibvility of loading by bearing, ac is done in metal structures. Once agnin
the adhecive at the tab failed in shear and it proved impossible to properly load
Ky the glass panel with the bolts. Hence none of the tabs used could effectively

" load the glass/epoxy laminates to a stress level sufficient to cause true tensile
failure. Failure in this material, as opposed to the other laminates, did not
occur in the form of a well defined break. As discussed in the report, a brush
effect shown in Figure 5 is created on both halves of the parted specimen. Even
though this was desired in the large panel tests it may be well beyond other
failure criteria, For example the large tensile specimens, when tested ballisti-
cally, exhibited a significant amount of delamination., Additional loading resulted
ir the propagation of thece debonded portions, Had failure been based upon a com-
pre-sion strength or upon a retained stiffness the panels would have surely
failed. In tension however it was impossible to load the panels sutfiziently

to part them as in the coupon tests, and as described in the text, the

standard tab with clamps was used for the reumaining panels.

Tond
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4 : "Tee flexaral response of a simply supported, square, isotrori~ plate lozded vy a
3 . triangular pulse distributed uniformly over the shaded region in Fij.re 30 can ce
<4 o: t2ined using a modal analysis. T:.e equation of motion can i€ obtained from

wie Lagrangian relations. From the eguationsof motion and the forcing function

.2 Jdicplacements can be obtained. Tae stresses are related to the seconi derivziive

: " of the displacement function and can easily be computed.

Trie Lagrange equation can be writien in the form:

a fax) ou %

+ =

e
g

iady

o

ij

pE

3

; twiere

3 t is time

4 | Aﬁ is the time derivative of Aij

'fJ l Aii is a generalized modal Gisplacement
ié X is the total kinetic energy

3 is the total strain energy
is the total externai work

The vertical displacement, y, can be expressed as:

E o = o\ .

E: } : : : . (lnx . ()nz
‘ ) y = A” sin \-;——) sin i b )
i=1 j=1

wnere X, y, and z are coordinates shown 1n Figure 30 and a and bt are the plate

i 1imensions.

For simplicity concider only square modes where i = j = n. Also since the plate

is square a=b=2{0. Therefore,

1
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T:e kinetic emergy is obtaired by considering a differential element.

t .t 2
1 { . nIx _ 0oZ
Hence Knn =5 m [ [ \Ann sin 7 sio — ) dx dz
- o 0 .

K = 1 m§2 dxdz where ¢ is the mass per unit area of the plate.
2 .

TTRF

P A G T R R S o v

P A

? aK
l -
! Therefore ii-( .m) = = mf2 Ay,
de \ dA, 4

The strain energy for plate flexure is:

e .t 2 2 2
3 [/ 2 2y 32 22
. 2 e N i TP LA APPSR Pt dx dz
24 (1-v? L 3x2 dx ax2 922 ix9z

where E is the Young's modulus and v is the Poisson's ratio

Hence
al rr4 Eh3n4
n
A, lZ(l—l/z)Q2 "

The external work is:

2 0
. awx | nnz
lﬁe = yp() = [P(t)] / / A, sin 7 sin dx dz

6t

§
'E
:

where ¢, and £, are coordinates which describe the shaded area in Figure 30 over

[

whnich the load 1is applied.

‘)2 nnez ¢ nﬂel 2 ;
‘BC = p(t) Aﬂﬂ -Ti cos e - €COS g
arn

«here f2 = 3,15 inches, ¢y = 2.85 inches and [ = 6.00 inches
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b = P(DA, 2 rcos {1.66a) — cos (l.s(h)]z
nz :2 L
el i, 2 2
m = p(() - ﬂz [COS (L“ﬂ) - Cos (1.500)]

1, - =4 End ot £2 2
— mf? Ay - ————— A, =pO) [eos (1.666) - cos 1.50m]
4 12(1 - v2)e2 022
xhich reduces to
dpp3 4 2
K. TERMA et i [cos (1.66m) — cos (1.500)] |
nn 4 2 nn Q ‘
3mf* (1 -v ) ma‘ ;

Tiie ic of the form:
A =-wlA_ =p@®F
nn an = PO

Tne static deflection, Annst, for each mode is . The dynamic 1o2d factor (DLF)
(4]

jepends upon the ratio of td, tnae duration of the pulse, to T, the nat.ral period.

< 2n R . . .
T is equal tc — where » is %the natural freguency. Tne pulse duration td, was
w

-
10 x10°° seconds as shown in Figure 30. Using the following values:

m = ph = 1.4 X107~ pounds sec2/1n3
E = 12 x 106 psi

v =1/3

b =0.1 inctes

Tne fundamental period is U x lO—3 secondes. Hence from Figure 21 tne DLF is close
to zero implying that the plate does not respond in this mode. The seventh mode,
A77, has a natural period of 2 x107° seconds and so td/T is 1/2. The DLF for
mode 7 is 1.2. The maximum deflection in mode 7 is y max = A77gt DLFpay = 1.b

8

x10°3 x1.2 = 1.7 x107° inches. Therefore, at its maxinum responce tne seventh

mode will have the form:
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7=z z
Y7 = 17xno'3sin( Ix)sin : )

Fre flexural stresses are related to the second derivative of this shage function.

Eh (azy azy \

622 i a2

g, =
21 —v?)

Evaluzting this expression at the most critical points it is found taet 0 ,, is
aporoximately equal to 0.1% psi for a p(t) equal to 1 psi. If the projectile
velocity decreases by 50 fps during the penetreation the Impulse requires 7000
pourds force. Tnis force is equivalent to a 100,000 psi oressure over the area
reroved by the projectile. Hence the stresses are of the order of 14 KSI. An
examination of the ejuatior will show that much higher cr lower frequencies will
play only 2 minor part in the response to this load. It also mst be noted that

these stresses are very localized and occur midway tetween the nodes.
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